Abstract: Children are exposed to environmental contaminants by placing contaminated hands or objects in their mouths. We quantified hand-and object-mouthing frequencies of Bangladeshi children and determined if they differ from those of U.S. children to evaluate the appropriateness of applying U.S. exposure models in other socio-cultural contexts. We conducted a five-hour structured observation of the mouthing behaviors of 148 rural Bangladeshi children aged 3-18 months. We modeled mouthing frequencies using 2-parameter Weibull distributions to compare the modeled medians with those of U.S. children. In Bangladesh the median frequency of hand-mouthing was 37.3 contacts/h for children 3-6 months old, 34.4 contacts/h for children 6-12 months old, and 29.7 contacts/h for children 12-18 months old. The median frequency of object-mouthing was 23.1 contacts/h for children 3-6 months old, 29.6 contacts/h for children 6-12 months old, and 15.2 contacts/h for children 12-18 months old. At all ages both hand-and object-mouthing frequencies were higher than those of U.S. children. Mouthing frequencies were not associated with child location (indoor/outdoor). Using hand-and object-mouthing exposure models from U.S. and other high-income countries might not accurately estimate children's exposure to environmental contaminants via mouthing in low-and middle-income countries.
Introduction
Individuals can be exposed to chemical and biological contaminants through inhalation, dermal absorption, and ingestion. Mouthing, including touching hands and objects to the lips or placing them in the mouth, is an important pathway of exposure for young children. Mouthing exposure factors, such as mouthing frequency, total mouthing duration per hour, and duration of mouthing per contact, and other exposure factors related to the dermal, ingestion, and inhalation pathways of exposure, are published in the U.S. Environmental Protection Agency Exposure Factors Handbook [1] and the European Commission's Joint Research Centre ExpoFacts' website. Details on mouthing behaviors and the objects with which children interact, along with contaminant transfer efficiencies and concentrations, have been incorporated into deterministic and probabilistic models, such as LifeLine™, CARES ® , Calendex™, ConsExpo, and SHEDS, to estimate exposure to contaminants, such as lead [2] , arsenic [3] [4] [5] , pesticides [6] [7] [8] , and fecal matter [9] and to model the amount of soil children ingest [10] .
Hand-and object-mouthing frequencies correlate with certain child-, household-, and community-level characteristics. In meta-analyses of hand-and object-mouthing studies on U.S. children, increasing child age and indoor location were positively correlated with both hand-and object-mouthing frequencies, but there was no association with sex [11, 12] . Household-level factors may also influence the type and frequency of objects a child contacts and has the potential to mouth. For example, older houses may have more flaking paint, resulting in higher reported prevalence of mouthing paint chips [13] . Community-level characteristics, such as local climate and agricultural land use, may also influence the objects in the domestic environment that are available for mouthing. In the U.S., children in colder climates interacted with different objects than children in warmer climates [13, 14] , although urban vs. rural household location was not associated with mouthing frequency [15] . However, the more extreme difference between urban and rural settings in low-income countries may impact the mouthing frequency of particular items due to their availability. For example, children in rural areas of the U.S., may have more limited opportunities to interact with agricultural animals and soil than children in rural areas of low-income countries such as Bangladesh, where 94% of rural houses have domestic poultry or livestock [16] , 72% have earthen floors [17] , and 85% use plant material for fuel [18] .
In addition to child-, household-, and community-level characteristics, cultural and caregiving practices, such as encouraging children to eat with hands or use a pacifier, may also influence children's mouthing behaviors. Eating with hands instead of utensils is a normal behavior in many cultures. A child eating with her own hands or hand-fed by a caregiver would have higher rates of hand-mouthing and lower rates of utensil-mouthing. Hand-mouthing not related to eating may also become a habit in children who eat with their hands. In contrast, use of a pacifier may occupy a large portion of a child's total mouthing time and preclude the mouthing of other objects. In the U.S., parents recorded that over an entire day children 0-18 months old mouthed pacifiers for an average of 108 min, substantially longer than the time they spent mouthing plastic toys (17 min), other objects (9 min) and teethers (6 min) [19] .
The physical and socio-cultural context of households in high-income countries and low-income communities of low-income countries are markedly different. As such, comparing the mouthing behaviors of children in different countries may elucidate the impact of some of these contextual characteristics. Most exposure studies are in high-income countries [1, 20, 21] ; we identified only three studies in low-income countries. One study of 23 Zimbabwean infants used semi-structued observation to record the total number of times that children touched or mouthed particular foods, toys, body parts, soil and feces during a six-hour observation period [22] . The authors also recorded whether the foods, toys, and body parts with which the child interacted were visibly dirty or not. In another study, 21 Peruvian children 0-60 months old were observed for 12 h to record their interaction with chicken feces in and around the house. Among all children there was a mean of 3.9 feces-to-mouth contacts and 2.9 feces-to-hand contacts during the entire observation period [18] . In rural Bangladesh, 216 children 7-30 months old were observed for geophagia [17] . During a five-hour observation, 38 (18%) children put soil, clay, mud, or sand in their mouths at least once. However, the study did not quantify the hourly frequency of mouthing, the level of detail necessary for use of exposure factors in exposure models such as SHEDS.
A difference in the frequency of children's hand-and object-mouthing could result in different total exposure to environmental contaminants. The duration of mouthing may or may not be important for quantifying exposure, depending on the contaminant in question [23, 24] . The clinical relevance of the differential dose depends on the importance of mouthing as a pathway of contaminant intake and the contaminant's dose-response function. For situations in which the difference is clinically relevant, the accuracy of risk assessment would benefit from the use of both location-specific exposure factors and location-specific contaminant concentrations. Therefore, using exposure factors from populations very different from the study population may be inappropriate for modeling risk.
This study provides a detailed evaluation the hand-and object-mouthing frequencies of a relatively large number of children in a low-income country. The resulting non-dietary ingestion frequencies can be compared to values from high-income countries to assess the appropriateness of translating exposure factors values across different contexts. They can also be used to develop exposure models specifically for children in rural Bangladesh.
With this research, we seek to better understand mouthing activities of children in a low-income country in order to assess potential differences in non-dietary ingestion exposure due to different child-, household-, and community-level characteristics and socio-cultural practices. We asked three questions: (1) What is the frequency of mouthing hands, objects, food, water, soil, and feces among rural Bangladeshi children 3-18 months old? (2) What are the household and child characteristics associated with mouthing hands and other objects? (3) How much does the frequency of mouthing hands and other objects differ compared to children in high-income countries?
Methodology

Sampling Frame
Participating households were drawn from the 2012-2015 Wash Benefits study, a large cluster-randomized trial of water, sanitation, hygiene, and nutritional interventions in rural Bangladesh which enrolled pregnant women and followed their children after birth. The trial cluster-randomized households to receive a water, sanitation, hygiene, and/or nutrition intervention, singly or in combination, or to receive no intervention. In the sanitation intervention arm, households were provided a latrine, a sani-scoop for hygienic removal of feces, and a child potty. In the combined water, sanitation, and hygiene intervention arm, households received the sanitation intervention as well as a safe water storage container and chlorine tablets for water treatment, handwashing stations, and soapy water. Detailed description of the Wash Benefits trial is elsewhere [25] .
For our hand-and object-mouthing study, we used simple random sampling to select 50 children from each of three arms of Wash Benefits: control (Wash Benefits n = 1440), sanitation (n = 720), and combined water, sanitation, and hygiene (n = 720). Field staff conducted structured observation of the child during one day in April or May 2014. If the selected child was absent from the household on the day of planned observation, he/she was replaced by the study child in the nearest neighboring household participating in the same study arm.
Microactivity Data Collection
Following caregiver consent, trained staff observed a child's activities during the daylight hours, varying the start time from 7 A.M. to noon and ending after five hours. The field staff recorded when the child began breastfeeding or sleeping but did not conduct observation during this time to respect privacy. Observations occurred on both weekdays and weekends. To conduct the structured observation, field staff recorded every object-to-mouth and hand-to-mouth contact as well as information on objects contacted by either hand. Observers prioritized recording mouth contacts over hand contacts. We defined mouthing to be contact of any individual's hand or object with the child's lips, inside of the mouth or tongue. We considered any contact of hands and non-food objects with the mouth as mouthing, and considered contact with food to be food intake. Observers detailed each hand or mouth contact with one or more of the following object super-categories [26] : hand/skin, soil, feces, animals, water, food, cloth and non-cloth objects. These object super-categories were sub-divided into specific objects (Figure 1 ). For example, "food" included suji, a rice flour or semolina porridge made with milk; kitchuri, a mixture of rice, lentils, and vegetables; fruit, and food waste (e.g., peelings). "Non-cloth objects" included plastic and metal objects, paper, wood furniture, glass, clay, bricks/concrete, and plant materials (e.g., sticks, leaves). "Soil" included both soil from outside and dust/soil from inside the home. A new event was recorded when the child interacted with a new object(s). For example, if the child stopped playing with paper and began to touch soil and a hard plastic toy, the observer started a new event by answering the prompt "What is the child touching?" The observer recorded the number of times objects from the same super-category touched or entered the child's mouth, but did not record the sequence in which objects contacted the mouth within a single event or the duration of mouthing events.
After the structured observation concluded, observers recorded child-specific information, such as the types of clothing and shoes worn during most of the observation, mobility and hand dominance (as observed), and time of day the child was inside, outside, breastfeeding and sleeping. In addition, they recorded household-specific information, such as the presence of feces in the courtyard area where the child spent time and the material of the household floor. All observational and survey data were recorded on a digital tablet using Open Data Kit software.
Observer Training
Five observers were trained over one week by practicing structured observation on video clips of children in the domestic environment. Structured observation records were carefully reviewed against the video clips to discuss errors before structured observation was conducted again on the same clips to improve accuracy. Observers also conducted two days of field piloting. For quality control during the study, some children were observed by multiple observers at the same time. For these observations, we assessed inter-observer reliability by calculating Krippendorf's alpha on the number of mouthing contacts with each type of object. For field work to continue, we required inter-observer reliability to be high (Krippendorf's alpha ≥ 0.80) [27] . We also evaluated the percent error between multiple observers by dividing the number of total mouthing contacts recorded by one observer by the average number of mouthing contacts recorded by all observers. After each observation, observers were questioned about records of contacts that were unusual in type or frequency. When there was more than one observation for the same child, one was randomly selected to include in the analysis of mouthing frequencies.
Statistical Analysis
Young children's exposure is not limited to particular locations or times of day, so we calculated mouthing frequencies over the observed waking hours. We assume that the observed waking hours are representative of all of the child's waking hours on the basis of one U.S. study that examined the behavior of 25 children throughout the day and found that a child's rate of mouthing did not vary significantly by hour [28] . For each child, we summed all the contacts in the observation and divided A new event was recorded when the child interacted with a new object(s). For example, if the child stopped playing with paper and began to touch soil and a hard plastic toy, the observer started a new event by answering the prompt "What is the child touching?" The observer recorded the number of times objects from the same super-category touched or entered the child's mouth, but did not record the sequence in which objects contacted the mouth within a single event or the duration of mouthing events.
Observer Training
Five observers were trained over one week by practicing structured observation on video clips of children in the domestic environment. Structured observation records were carefully reviewed against the video clips to discuss errors before structured observation was conducted again on the same clips to improve accuracy. Observers also conducted two days of field piloting. For quality control during the study, some children were observed by multiple observers at the same time. For these observations, we assessed inter-observer reliability by calculating Krippendorf's alpha on the number of mouthing contacts with each type of object. For field work to continue, we required inter-observer reliability to be high (Krippendorf's alpha ě 0.80) [27] . We also evaluated the percent error between multiple observers by dividing the number of total mouthing contacts recorded by one observer by the average number of mouthing contacts recorded by all observers. After each observation, observers were questioned about records of contacts that were unusual in type or frequency. When there was more than one observation for the same child, one was randomly selected to include in the analysis of mouthing frequencies.
Statistical Analysis
Young children's exposure is not limited to particular locations or times of day, so we calculated mouthing frequencies over the observed waking hours. We assume that the observed waking hours are representative of all of the child's waking hours on the basis of one U.S. study that examined the behavior of 25 children throughout the day and found that a child's rate of mouthing did not vary significantly by hour [28] . For each child, we summed all the contacts in the observation and divided by the total time the child was awake during the observation to yield contacts per waking hour.
For location-specific contact frequencies, we divided the sum of mouthing contacts in each location (i.e., inside vs. outside) by the number of hours observed in that location. Due to a technical error, full location data were collected for only 65 children (44%). Events for which no location was recorded were included in the location-independent analysis and excluded from the location-specific analysis.
According to EPA exposure assessment guidelines [29] , we classified children into three age groups: 3 to <6 months (3-6 months old), 6 to <12 months (6-12 months old), and 12 to <24 months (12-24 months old); this study used the category 12-18 months because no child was older than 18 months. Although U.S. EPA age categories of child development have not been validated specifically in Bangladeshi children, using these age categories permits comparison with publicly available data. We examined household-level characteristics including years of mother's formal education, number of people in the compound, number of children under five in the household and compound, and the compound-level ratio of people to children <5; child-level characteristics included child age, sex, and handedness. Data were right-skewed and analyzed with non-parametric statistical tests using the R packages stat, irr and goftest. We used Spearman's rank correlation to assess the correlation between mouthing frequency and the aforementioned continuous variables. We used the Mann-Whitney U-test to assess whether or not the mouthing frequencies of groups that differed along a binary characteristic were from the same population. Similarly, we used the Kruskal-Wallis and Dunn tests to compare the mouthing frequencies of groups from that differed by demographic variables with more than two values.
In order to create continuous, smooth distributions for incorporation into probabilistic exposure models, we bootstrapped the hand-and object-mouthing frequency data. We then tested the null hypothesis that the data fit normal, lognormal, and Weibull distributions by using the Kolmogorov-Smirnov, Cramer-von-Mises, Anderson Darling, and chi-squared tests and visual inspection. We failed to reject the normal, lognormal, and Weibull distributions and ultimately decided to use age group-specific 2-paramter Weibull distributions to allow for comparison with meta-analyses of U.S. studies [11, 12] . To determine the distributional parameters, we used maximum likelihood estimation with the initial parameters of scale = 20 and shape = 1 on 1000 iterations of data bootstrapped from the original dataset. We also used bootstrapped data to identify 95% confidence intervals. We then compared Weibull-distributed data from Bangladesh and the U.S. [11, 12] with empirical data from Taiwan [20] , and Australia [21] .
Ethical Approval
Participants provided written, informed consent before the observation. The study was conducted in accordance with the Declaration of Helsinki and received ethics clearance from Stanford University, University of California-Berkeley, and the International Centre for Diarrhoeal Disease Research, Bangladesh (Protocol PR-11063).
Results
Inter-Observer Agreement
For the 17 children that were observed by two or three observers at the same time, Krippendorf's alpha was 0.93. The total number of mouthing contacts for children who were observed by two or more observers differed by an average of 2.8% (standard deviation (SD) 4.9%).
Observational Results
Observers spent five hours at the homes of each of the 150 participating children. Data from two children were excluded from analysis because data were lost for one child and there was only one child younger than three months old in the study. The average age of the 148 children was 8.3 months; 56% could not crawl or walk. Housing quality was poor, with 54% of households lacking electricity, 62% having a tin roof, and 85% having floors of dirt. Ninety-nine percent of household courtyards were also made of dirt. There were an average of 12 people per compound, including an average of one child under <5 years old. Fecal matter was observed in all of the 148 household courtyards visited. Field staff observed poultry feces in 139 (94%), cow/buffalo feces in 37 (25%), goat/sheep feces in 13 (9%), other animal feces in 6 (4%) and human feces in 7 (5%) ( Table 1) . Children were awake and not breastfeeding for an average of 3 h 56 min during the five-hour observation period. Children 3-6 months old mouthed hands a median of 37 times/h compared to 34 times/h for children 6-12 months and 30 times/h for children 12-18 months. Median hand-mouthing frequency decreased with increasing child age in months (r = 0.05, p < 0.01). Children 3-6 months old mouthed objects 23 times/h compared to 30 times/h for children 6-12 months and 15 times/h for children 12-18 months. There was not a monotonic trend by age group and a negligible decrease in median object-mouthing frequency with increasing child age in months (r = 0.08, p < 0.001) (Figure 2 , with details in Table A1 ).
Approximately one-tenth (2/21) of children 3-6 months old, one-quarter (29/104) of children 6-12 months old, and one-third (8/23) of children 12-18 months old put soil in their mouths. These 39 children mouthed soil during 80 different events. In eight of these events, the child mouthed soil at least once but the exact number of time was not recorded; these missing values were excluded from frequency analysis (Appendix Table A2 (A)).
During the observation period, 28 children (19%) were observed touching feces a total of 48 times. Ingestion of feces was rare: of the 71 girls and 77 boys observed, four girls (6%) and no boys (0%) put feces into their mouths. One nine-month-old girl directly consumed poultry feces twice and cow/buffalo feces once while another nine-month-old girl consumed poultry feces once. An eleven-month girl consumed cow/buffalo feces four times and a sixteen-month old girl consumed goat/sheep feces once (Appendix Table A2 (B)). The child's location was recorded for 66% of the total observation time (587 h). Of the 65 children for whom full location data were recorded, on average 50% percent of their time was outdoors. Children 3-6 months old were outside 55% (SD 27%) of their observed waking hours, whereas children 6-12 months old were outside 50% (SD 27%) and children 12-18 months old, 39% (SD 30%). The location of the other 83 children was recorded a mean of 1.6 h of an average 4.0 h awake. Of this time, children spent 48% of their time outdoors.
Hand-and object-mouthing frequencies were not associated with child location, sex or handedness. They were also not associated with the household-level characteristics of mother's years of formal education or number of children <5, or with the compound-level factors of total number of people, number of children <5 or ratio of people to number of children <5 (all p > 0.05). The households in this study were part of three different intervention arms, but frequency of hand-, object-, food-, water-, soil-, and feces-mouthing did not vary across the study arms (Appendix Table A3 ).
Combining the data from children of all ages and all study arms, the median frequency of indoor hand-mouthing was 31.7 contacts/h, which was not significantly different than the outdoor frequency of 29.1 contacts/h (p = 0.41). The median frequency of indoor object-mouthing was 23.1 contacts/h, which was not significantly different than the outdoor frequency of 22.3 contacts/h (p = 0.58). Nonetheless, to compare with published exposure factors, we segregated the data by location and age group.
The median hand-mouthing frequencies for Bangladeshi children both inside and outside were generally higher than for same-aged children in U.S.
[1], Taiwan [20] , and Australia [21] . Object-mouthing frequencies inside and outside were also higher than those for same-aged children in the U.S. [2] , but lower than those recorded for children in Taiwan [20] , and Australia [21] (Table 2 ). The child's location was recorded for 66% of the total observation time (587 h). Of the 65 children for whom full location data were recorded, on average 50% percent of their time was outdoors. Children 3-6 months old were outside 55% (SD 27%) of their observed waking hours, whereas children 6-12 months old were outside 50% (SD 27%) and children 12-18 months old, 39% (SD 30%). The location of the other 83 children was recorded a mean of 1.6 h of an average 4.0 h awake. Of this time, children spent 48% of their time outdoors.
The median hand-mouthing frequencies for Bangladeshi children both inside and outside were generally higher than for same-aged children in U.S. [11] , Taiwan [20] , and Australia [21] . Object-mouthing frequencies inside and outside were also higher than those for same-aged children in the U.S. [12] , but lower than those recorded for children in Taiwan [20] , and Australia [21] (Table 2 ). Objects include both cloth and non-cloth items. * = modeled with a Weibull distribution as reported in [11] ;ˆ= modeled with a Weibull distribution as reported in [12] ; -means data have not been collected on children of the specified age and location.
We determined the appropriate distribution for modeling the mouthing frequency data by considering the 6-12 month age group, as this age group had considerably more observations than the other two. Testing for goodness-of-fit, we could not reject normal, lognormal or Weibull distributions (all p > 0.05); however, visually the Weibull distribution provided the best fit ( Figure A1 ; Weibull shape and scale parameters are provided in Table A4 ). We graphically compared the Weibull distributions of mouthing frequencies for children in Bangladesh and the U.S., the only high-income country with available distributional data [11, 12] . Since the difference between the indoor and outdoor mouthing frequencies of Bangladeshi children was not significant, we plot the distribution that represents mouthing in any location. The median frequencies at which young Bangladeshi children mouth hands and objects were between the 73rd to 95th percentiles of the mouthing frequency distributions for U.S. children (Figure 3) . The median indoor hand-mouthing frequency of Bangladeshi children 6-12 months old was 2.3 times higher than their U.S. counterparts. The median outdoor object-mouthing frequency of Bangladeshi children 12-18 months old was 2.2 times higher than that of U.S. children 12-24 months old. We determined the appropriate distribution for modeling the mouthing frequency data by considering the 6-12 month age group, as this age group had considerably more observations than the other two. Testing for goodness-of-fit, we could not reject normal, lognormal or Weibull distributions (all p > 0.05); however, visually the Weibull distribution provided the best fit (Appendix Figure 1A ; Weibull shape and scale parameters are provided in Appendix Table A4 ). We graphically compared the Weibull distributions of mouthing frequencies for children in Bangladesh and the U.S., the only high-income country with available distributional data [1, 2] . Since the difference between the indoor and outdoor mouthing frequencies of Bangladeshi children was not significant, we plot the distribution that represents mouthing in any location. The median frequencies at which young Bangladeshi children mouth hands and objects were between the 73rd to 95th percentiles of the mouthing frequency distributions for U.S. children (Figure 3) . The median indoor hand-mouthing frequency of Bangladeshi children 6-12 months old was 2.3 times higher than their U.S. counterparts. The median outdoor object-mouthing frequency of Bangladeshi children 12-18 months old was 2.2 times higher than that of U.S. children 12-24 months old. Cumulative distribution function for hand-and object-mouthing data by location and age group, for children from Bangladesh and the U.S. [1, 2] . The Bangladeshi distribution is based on inside and outside frequencies combined. The U.S. distributions are separated by location; for some age groups the outside mouthing frequency distribution has not been determined. The oldest age group is 12-18 months for Bangladeshi children and 12-24 months for U.S. children.
Discussion
Hand-mouthing accounted for over half of total mouthing. Median hand-mouthing frequencies of children in Bangladesh were 1.7 to 3.4 times higher than those published for children in the U.S. [1,2], Taiwan [20] , and Australia [21] . Interpretation of these results should consider how each of the studies defined hand-mouthing, which can be divided into four categories: a child mouthing his own hand without involvement of food, a child mouthing his own hand while eating, a child mouthing another person's hand without the involvement of food, and a child mouthing another person's hand while being fed. The inclusion of eating and feeding periods during the observation may result in higher average hand-or object-mouthing frequencies than if eating and feeding periods are excluded because eating and feeding are accompanied with high frequencies of hand-and utensil-mouthing. Inclusion of mouthing another person's hand may also increase total hand-mouthing. Cumulative distribution function for hand-and object-mouthing data by location and age group, for children from Bangladesh and the U.S. [11, 12] . The Bangladeshi distribution is based on inside and outside frequencies combined. The U.S. distributions are separated by location; for some age groups the outside mouthing frequency distribution has not been determined. The oldest age group is 12-18 months for Bangladeshi children and 12-24 months for U.S. children.
Hand-mouthing accounted for over half of total mouthing. Median hand-mouthing frequencies of children in Bangladesh were 1.7 to 3.4 times higher than those published for children in the U.S. [11, 12] , Taiwan [20] , and Australia [21] . Interpretation of these results should consider how each of the studies defined hand-mouthing, which can be divided into four categories: a child mouthing his own hand without involvement of food, a child mouthing his own hand while eating, a child mouthing another person's hand without the involvement of food, and a child mouthing another person's hand while being fed. The inclusion of eating and feeding periods during the observation may result in higher average hand-or object-mouthing frequencies than if eating and feeding periods are excluded because eating and feeding are accompanied with high frequencies of hand-and utensil-mouthing. Inclusion of mouthing another person's hand may also increase total hand-mouthing.
In quantifying hand-mouthing, the largest study of the U.S. meta-analyses quantified children mouthing their own hands without the involvement with food; eating periods were excluded from observation with the rationale that during eating periods children cannot mouth non-food items [30] .
This study neglects exposure that may be occurring during eating and feeding periods. While other U.S. studies included eating periods during observations and quantified children mouthing their own hands while eating [13, 14, 21, 27, [32] [33] [34] , they excluded children's interactions with other individuals, potentially underestimating total exposure.
In this study, we add depth to the understanding of children's exposure through hand-mouthing by including all four categories of hand-mouthing-mouthing of children's own hands and others' hands, considering both dietary and non-dietary events. We have found only one other study, of children 7-12 years old, that is similarly inclusive [33] . Mouthing of children's own hands while eating is an important element of total hand-mouthing [35] , particularly for children who eat with their hands when young or in cultures where it is customary to eat by hand. Similarly, including mouthing of others' hands during child feeding is important in contexts where caregivers feed children by hand, rather than with a utensil. In cultures where it is not common for children to eat or be fed by hand, the fraction of hand-mouthing while eating may be replaced with utensil-mouthing, which may also be relevant to a child's exposure to particular contaminants. Further study into which of the four categories of hand-mouthing contributes the most to children's exposure to contaminants could help inform the development of interventions. For example, if children's mouthing of their own hands is identified as the most important transmission pathway for ingesting pathogens, a child handwashing intervention may be appropriate. In contrast, if children's mouthing of caregiver hands is identified as the most important category due to the high frequency of caregivers putting their hands in children's mouths during feeding, a suitable intervention might encourage caregivers to use utensils for feeding rather than their hands.
One hypothesis to explain the lower rate of hand-and object-mouthing among U.S. children is that U.S. children often use pacifiers whereas Bangladeshi children typically do not. Children who use pacifiers put them in their mouths infrequently, but each time mouth them for long periods of time, occupying their mouths and potentially reducing the frequency of mouthing non-pacifier objects. In one U.S. study, children 3-18 months old mouthed pacifiers 15%-63% of total non-dietary mouthing time [28] . In a study of Taiwanese children analyzing pacifier use [20] , median hourly mouthing duration of children who used pacifiers was 16.22 min/h which was significantly longer than that of children who did not use pacifiers (2.80 min/h, p < 0.001) (unpublished data from [20] ). On the other hand, there is evidence suggesting that pacifiers may not affect the mouthing frequency of non-pacifier objects. Mouthing duration and frequency of non-pacifier non-dietary objects was not significantly different between children who used pacifiers (4.70 min/h; 13.74 times/h) and those who did not (2.80 min/h; 9.60 times/h) (unpublished data from [20] ). Studying the mouthing behaviors of a larger number of children who do and do not use pacifiers could clarify the effects of pacifiers on mouthing frequency and duration.
The frequency of mouthing objects was much higher than the frequency of mouthing/ingesting food, supporting the idea that non-dietary ingestion may be an important source of young children's exposure to environmental contaminants [1] . In addition to mouthing objects, children also mouthed soil and feces, which may be particularly important vehicles of transmission for certain contaminants. The frequency of soil and feces mouthing may also be higher in Bangladesh than high-income countries where soil and feces are not as prevalent in the household environment. In the study area of rural Bangladesh, houses, floors, and spaces immediately outside the home were commonly made of dirt, and domestic animals often roam freely inside and outside, scattering feces that are not immediately cleared. Compared to high-income settings, children in this low-income setting would more frequently encounter, and potentially mouth, objects such as plant material, soil, and fecal matter.
The percentage of children 3-18 months old that directly ingested any soil (37/149, 25%) was somewhat higher than the 18% (38/216) observed in another study in rural Bangladesh [17] and greater than the 13% (3/21) observed in Zimbabwe [22] (Appendix Table A2 (A)). Children were also observed touching soil and mouthing their hands before handwashing, indicating that indirect soil ingestion may substantially contribute to total soil ingestion. The frequency of soil ingestion was independent of location, emphasizing that both indoor dirt floors and outdoor bare soil may play an important role in a child's exposure to soil contaminants. A study of 2755 households in Mexico found that children of households that received a cement floor intervention had a lower prevalence of parasites, diarrhea and anemia [36] . Covering dirt floors with concrete or plastic, which can be swept or wiped clean, may reduce children's exposure to contaminants in soil and soil-related diseases.
Fecal matter, which may harbor enteric pathogens, is another contaminant present in the domestic environment of rural Bangladesh [37] . In addition to direct consumption of feces by children, the frequency of hand-to-mouth contact may be an important determinant in the total exposure to enteric pathogens. Using E. coli as an indicator of fecal contamination, one study in Tanzania compared a child's ingested dose of fecal matter along two pathways and estimated that 97% of the total fecal matter ingested by a child was due to hand-mouthing, whereas only 3% was due to ingestion of water [9] . Considering the fecally-contaminated domestic environment of Bangladeshi children and their higher hand-mouthing frequencies, Bangladeshi children are likely exposed to higher levels of fecal contamination than children in high-income countries.
Children in this study spent approximately half of their waking hours outdoors, supplementing the data on outdoor mouthing behaviors that are currently limited by the brief amount of time the observed children from high-income countries spend outdoors. In one U.S. study, children spent a median of 88% of the observed time inside [32] . During the four-hour observational period of another U.S. study, 13 children never went outside and the remaining 30 spent 76% of their time inside [13] . In the Taiwanese study, children were inside a mean of 92.6% of the time [20] . In each of these studies, children differentially mouthed hands and objects depending on inside vs. outside location. In contrast, the frequency of mouthing hands and objects was not associated with location for the Bangladeshi children in this study. In rural Bangladesh, homes are usually single rooms, with outdoor food preparation and cooking areas, and outdoor water and latrine facilities. Caregivers often conduct domestic and agricultural tasks outside the home and bring young children with them. There is no strict division between indoor and outdoor environments, with earthen floors inside and bare ground outside, and domestic animals that roam freely through open doors [16] . Caregivers in low-income settings may also perceive environmental contamination to be less risky than caregivers in high-income settings and be less likely to stop children from mouthing potentially contaminated hands and objects while outdoors.
Limitations
There are several limitations to this study. Our study involved 148 children, a large sample relative to most other exposure studies quantifying mouthing behavior [1, 20, 21] . However, after age-stratification, the 3-6 month and 12-18 month age groups had fewer than 30 children each. These groups were unbalanced with regard to sex and may have been unbalanced on other unmeasured characteristics. Particularly in these two age groups, there was insufficient power to detect differences in mouthing frequency based on child-or household-level characteristics due to the small sample size. Larger studies of children in these age groups would be useful to confirm or refute these findings.
In this study we compared data collected using different observational methods over different time periods. Structured and video observations are forms of direct observation commonly used to collect hand-and object-mouthing data [1]. In structured observation, trained observers use a structured observation instrument to guide them in recording a child's hand and/or mouth contacts in real time. In video observation, videographers record a child's activities on video and trained analysts subsequently watch the video to record the child's contacts, often employing a computer-aided video translation software such as the Virtual Timing Device™ [38] . To gather detailed micro-level activity time-series data regarding hand-and mouth-contacts, a video is usually translated two or three times [28] [29] [30] , thus requiring three to four times longer to collect data than with structured observation. Due to the large number of children and the duration of observations we targeted in this study, we employed structured observation. We conducted the observation over five hours both to capture children's morning and afternoon activity and to overcome reactivity to the observer noted in shorter observations [39] . U.S. studies used structured or video observation over 2-10 continuous hours or 5-60 min on different days at different times of day [11, 12] . The Taiwanese study used a two-hour video observation, conducted in the morning for 62 of 66 children [20] . The Australian study used video observation during 10-min intervals at different times over multiple weeks [21] . Despite these differences, one study examining various methods suggests that comparing these diverse studies is appropriate. The method-comparison study examined the results of structured and video observation among 25 children and found that structured observation resulted in fewer recorded contacts and shorter mouthing duration than video observation, but these differences were not significant [28] . It also found that video observation produced less variance in the range of mouthing frequencies and durations observed [28] . Similarly, studies with shorter observation periods, such as the Australian study [21] are expected to have a higher variance in the observed mouthing frequencies.
This study was embedded in an intervention trial so the results may not be fully generalizable. While this analysis included children in the control arm of the intervention study, these children may not be representative of all rural Bangladeshi children as their participation in the control arm's repeated household visits and health surveys may have increased the attentiveness of their caregivers or directly influenced their behavior, reducing the frequency of hand-and object-to-mouth contacts. Children in the control arm may display lower mouthing frequencies than non-study children, suggesting that our results may underestimate mouthing frequencies of the rural Bangladeshi population. Two-thirds of participating households were enrolled from intervention arms of an ongoing trial that aims to modify the domestic environment and the behavior of the child's caregiver. The hardware and behavioral interventions may have altered the presence of objects in the domestic environment with which children could interact or altered the caregiver's awareness of and attention to domestic and child hygiene. For example, the physical environment could be modified by reducing the number of child and animal feces through use of the sani-scoop. A caregiver may have also modified her behavior to encourage child handwashing or discourage a child from mouthing hands or objects. The difference in the median frequencies between study arms was small and not significant, varying from 0.0 contacts/h for soil-and feces-mouthing to 4.8 contacts/h for hand-mouthing, though the difference may not be significant due to the insufficient power of a relatively small sample size and short duration of observation.
While we did record exact counts for the number of times soil, water, hands, and cloth were mouthed, we did not record the number of times each particular object or food type was mouthed. Future studies that capture the number of contacts with specific object types will allow us to evaluate exposure to object-or food-specific toxins, such as diisononyl phthalate [40] , a chemical in soft plastics that has caused adverse developmental and carcinogenic effects in rodents [41] . Future work could also compare the duration of mouthing between different child populations and evaluate the relative importance of frequency and duration in exposure to particular contaminants.
Due to a technical error, we did not record the locations of the child during the latter portion of the observation for some children who moved in and out frequently. If these children acted in a location-specific manner during the latter portion of the observation but not the former portion of the observation, then the location-specific analysis presented may be inaccurate. The time during the observation at which the location stopped being recorded was random and no one, including the observer, was aware of the error so it is unlikely that the child's behavior changed due to the error.
Conclusions
Mouthing frequencies vary across age and geography and may also be related to household-level and cultural factors. Hand-and object-mouthing frequencies were different from those observed among children in high-income countries, and higher than those observed in the United States. Using exposure factor data from settings very different than the local settings of concern could over-or underestimate exposure to contaminants transmitted primarily through hand-and/or object-mouthing.
In considering whether or not a study of locally-specific exposure factors should be conducted, it would be worthwhile for risk assessors to consider the relevant child-, household-, and community-level characteristics of the local situation and compare them with the characteristics of children studied previously. For example, risk assessors could consider children's age and location, house floor material, and whether or not eating or feeding by hand is common. If the combination of characteristics is very different than those of children that have been previously studied, a location-specific study to determine appropriate exposure factors may be warranted.
Additionally, in this study of Bangladeshi children, hand-mouthing accounted for more than half of all mouthing. Further research to quantify the relative contribution of contamination transmitted through children's mouthing of their own hands compared to their mouthing of other individuals' hands could guide the design of interventions to reduce exposure. 
